The polymerization conditions were optimized to achieve high molecular weight polymers (number-average molecular weight, M n , up to 10 139 kg/mol). The molecular weight dependent polymer properties were studied and compared. Photovoltaic applications of the polymers in bulk heterojunction (BHJ) solar cells revealed that the power conversion efficiency increased significantly (from 0.9% to 4.1%) as the M n increased from 10 kg/mol to 73 kg/mol while further increase of the molecular weight had less influence on the solar cell performance.
Introduction

15
Stille coupling polymerization is one of the most widely used polymerization methods for the synthesis of conjugated polymers which are the basis of modern organic electronics. [1] [2] [3] [4] [5] [6] [7] The advantage of using Stille coupling polymerization lies in its compatibility with various functional groups, which have made 20 the syntheses of numerous functional polymers possible. 4 However, it is often difficult to achieve high molecular weight polymers as a result of a combination of factors including monomer purity and stability, degree of conversion and rate of reaction. 4 On the other hand, studies on the influence of 25 molecular weight on polymer electronic properties repeatedly showed that bulk heterojunction (BHJ) solar cell performance improved significantly as the molecular weight of the conjugated polymers increased. [8] [9] [10] [11] For example, BHJ solar cells based on poly[(4,4-didodecyldithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt- 30 (2,1,3-benzothiadiazole)-4,7-diyl] active layer showed increased short-circuit current density (J sc ) from 4.2 to 17.3 mA cm -2 and increased fill factor (FF) from 0.35 to 0.61 as the M n increased from 7 to 34 kg/mol. 9 These changes resulted in nearly a five-fold enhancement in the power conversion efficiency (PCE) from 35 1.2 to 5.9%. BHJ solar cells using polymer fractions with number average molecular weight, M n , of 10, 18, and 31 kg/mol exhibited PCE of 3.0%, 5.2%, and 7.5%, respectively, displaying a nearly linear increase in solar cell performance with increasing molecular weight. 10 It was thought that polymers with high 40 molecular weight exhibited more isotropic films and enhanced interconnectivity, potentially leading to larger values for chargecarrier mobility. 12 The enhanced performance in BHJ solar cells with increasing polymer molecular weight was also attributed to the more favoured active layer morphology and decreased series 45 resistance.
8, 10 However, in the aforementioned studies, the molecular weight ranges were quite limited (with the highest M n around only 30 kg/mol). Questions may be raised: "Can the solar cell performance increase linearly with the molecular weight, or there is a limit beyond which the performance saturates?" To 50 address these questions, conjugated polymers of extremely high molecular weight need to be synthesized. In this work, we optimized the Stille coupling polymerization conditions to get extremely high molecular weight donor-acceptor conjugated polymers and studied their molecular-weight-dependent BHJ 55 solar cell performances.
Benzo[1,2-b:4,5-b']dithiophene (BDT) based conjugated polymers are frequently used in BHJ solar cells as donor materials. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] By replacing the substituent of 2-ethylhexyloxy group with 2-(2-ethylhexyl)thienyl group, the PCE increased 60 from 6.43% to 7.59%. 26 The introduction of two alkyl chains on the same thiophene ring were found to enhance the solubility and processability of the resulting polymers. a All the reactions were run on 0.15 mmol scale and the polymers were extracted successively with methanol, acetone, petroleum spirits, dichloromethane and chloroform. b the catalyst loadings were 5% mol Pd(PPh3)4 for entry 1 and 2, 1.5 mol% Pd2(dba)3 and 9 mol% P(o-tolyl)3 for entry 3 and 4, 1.5 mol% Pd2(dba)3 and 9 mol% P(o-anisolyl)3 for entry 5.
c Entry 2 was heated with microwave. d Molecular weight obtained by using high-temperature GPC at 120 °C with 1,2,4-trichlorobenzene as eluent. [28] [29] [30] [31] [32] [33] The bis(trimethylstannyl)-DTBDT monomer (compound 1) was coupled with diiodo-DFBT monomer (compound 2) using a variety of Stille polycondensation conditions to give poly
samples with different molecular weight ranges. 20 To ensure monomer purity for the Stille polycondensation, compound 1 was recrystallized from dichloromethane and isopropanol at 5 °C and compound 2 was recrystallized from dichloromethane. The Stille coupling polymerization was first conducted with a widely-used catalyst, Pd(PPh 3 ) 4 , and 25 toluene/DMF as the solvent. Under this condition, most of the polymer material was isolated by Soxhlet extraction with dichloromethane. The yield of the chloroform extract was low (13%, see Table 1 ) and the M n was 32 kg/mol. Microwave heating was used to try and increase the molecular weight and the 30 yield of the chloroform fraction but there was little improvement. A more active catalyst system Pd 2 (dba) 3 /P(o-tolyl) 3 was then used along with chlorobenzene as solvent to better solvate the sparingly soluble conjugated polymers. 34, 35 This condition was found to be particularly efficient in increasing the molecular 35 weight and the chloroform fraction of the polymer. Polymer with M n of 72.9 kg/mol was obtained in 77% yield. Increasing the monomer concentration from 0.1 M to 0.25 M further increased the M n to 138.9 kg/mol (See ESI for GPC traces). Other phosphine ligands were also tested, including P(o-anisolyl) 3 , but 40 none worked as well as the P(o-tolyl) 3 ligand. 4, 36, 37 Five samples of polymer P1, whose chemical structure was shown in Figure 1 , were collected and their optoelectronic and photovoltaic properties were studied. The molecular weight range of the polymer samples is shown in Table 2 . Sample P1-9.6k (M n 45 9.6 kg/mol, PDI 1.57) was obtained from dichloromethane extract of the reaction described in entry 2 of Table 1 while P1-17.1k (M n 17.1 kg/mol, PDI 1.50) was obtained from dichloromethane extract and P1-32.0k (M n 32.0 kg/mol, PDI 1.70) was obtained from chloroform extract of the reaction described in entry 1 of 50 Table 1 . Samples P1-72.9k (M n 72.9 kg/mol, PDI 3.51) and P1-138.9k (M n 138.9 kg/mol, PDI 5.33) were extracted with chloroform from the reactions described in entry 3 and entry 4 of Table 1 respectively. The five samples of polymer P1 showed similar FT-IR spectra indicating the same chemical composition 55 ( Figure S6 ). However, as the molecular weight increased, the 1 H NMR spectra lost some fine structures and the peaks became broadened owing to the increased number of repeating units ( Figure S7 ). Differential scanning calorimetry (DSC) of the polymers showed no thermal transitions for any of the polymers 60 between 25 °C and 300 °C ( Figure S8 ).
Synthesis and characterization
Synthesis of the polymer by Stille coupling polymerization
Characterization of optoelectronic properties
The UV-vis absorption spectra of the five fractions of P1 in chloroform solutions and in films are shown in Figure 2 . In solution, as the M n increased from 9.6 kg/mol to 72.9 kg/mol, the 65 absorption maximum (λ max ) increased from 651nm to 658 nm and the onset absorption (λ onset ) increased from 705 nm to 710 nm due to the increased conjugation length. However, the λ max and the λ onset of polymer samples with M n 72.9 kg/mol and 138.9 kg/mol were the same, implying that an effective conjugated length for 70 the HOMO-LUMO energy gap was already reached at the M n of 72.9 kg/mol. 9 The relative intensity of the main absorption to the shoulder peak at 594 nm also increased possibly due to the increased percentage of large molecular weight polymers. This phenomenon was also observed in other polymer systems. Information for experimental details, Figure S10 ). Owing to the incorporated 5,6-difluoro-2,1,3-benzothiadiazole acceptor moiety, all the polymers possessed deep-lying HOMO energy levels (around -5.5 eV), which is promising for achieving high V oc in organic photovoltaic cells. [39] [40] [41] It was also observed that the 90 polymer fractions showed a slight HOMO level increase as the molecular weight increased ( Table 2 ). The lowest molecular 10 weight polymer P1-9.6k exhibited a HOMO level of -5.53 eV while the highest molecular weight polymer P1-138.9k displayed a HOMO level of -5.49 eV.
BHJ solar cell fabrication and characterization
The photovoltaic properties of the five polymer fractions were 15 investigated in BHJ solar cell devices. A schematic diagram of the solar cells with inverted device architecture [ITO/ZnO/active layer/MoO 3 /Ag] is shown in the Supporting Information. 1,2-Dichlorobenzene (oDCB) was chosen as the processing solvent owing to its good solvent properties and low evaporation rates. 20 An optimized blend ratio of 1:2 between polymer and PC 71 BM acceptor was used for spin coating the active layer. The blend film UV-vis absorption spectra showed similar profiles for samples containing different molecular weight polymers ( Figure  S11 ). The films containing higher molecular weight material 25 showed slightly enhanced absorption at the longer wavelength absorption band (670 nm). This is consistent with the absorption spectrum of the neat polymer films (Figure 2b ).
The devices were studied under the illumination of AM 1.5 G, 100 mW cm -2 . The current density -voltage (J-V) curves of 30 the polymer/PC 71 BM devices are displayed in Figure 3a and the photovoltaic performance (average of 10 devices) is listed in Table 3 . The open circuit voltage (V oc ) and the fill factor (FF) of the BHJ solar cells were essentially the same for all devices containing the five different molecular weight polymer samples 35 ( Figure 3c and d) . In great contrast, the short circuit current density (J sc ) increased significantly from 2.0 mA cm -2 to 9.9 mA cm -2 as the M n increased from 9.6 kg/mol to 72.9 kg/mol ( Figure  3c ). It was found that further increase of the molecular weight did not increase the J sc further, instead the P1-138.9k even showed a 40 slightly decreased J sc of 8.6 mA cm -2 . As a result, the overall power conversion efficiency (PCE) increased from 0.85% to 4.10% as the M n increased from 9.6 kg/mol to 72.9 kg/mol and the device containing P1-138.9k showed lower PCE than the devices containing P1-72.9k. Literature reports have shown a 45 similar increase of PCE in the low molecular weight range (M n up to about 30 kg/mol). 9, 10, 42 However the higher molecular weight range has been seldom discussed with only a few examples for donor-acceptor polymers in recent literature.
43, 44 Our results showed that the PCE reached a peak value of 4.10% as the M n 50 increased to 72.9 kg/mol. These results indicated that a maximum PCE could be reached at a certain molecular weight for a specific polymer and further increase of the molecular weight might not result in further improvements in device performance. It is important to note that device fabrication optimisation, including 55 adjusting substrate temperature and spin coating speed, was attempted on the high molecular weight material but failed to give improvements in device performance. 45 It is also interesting to note that an analogous polymer system 18 with M n of 22.6 kg/mol gave very similar device performance to that of P1-17.1k 60 at around 1% PCE.
The external quantum efficiencies (EQEs) of the solar cell devices were also studied. Figure 3b b Measured by using the space-charge-limited current (SCLC) method (see SI). 10 To gain further insight into the PCE change as a result of the different polymer molecular weights, the hole mobility was derived using the space-charge-limited current (SCLC) method, with a hole-only device configuration of ITO/PEDOT:PSS/ polymer:PC 71 BM/Au. The mobility data in Table 3 clearly 15 showed that the hole mobility was enhanced when the molecular weight increased, which is consistent with the improved J sc and photovoltaic performance of the BHJ solar cells. 26 In particular, the hole mobility increased 10 times as the M n increased from 9.6 kg/mol to 32.0 kg/mol, while from 32.0 kg/mol to 138.9 kg/mol, 20 the hole mobility only increased by 46%. Furthermore, the P1-72.9k and P1-138.9k polymers displayed very similar hole mobility of 3.7 × 10 -5 and 3.8 × 10 -5 cm 2 V -1 s -1 , respectively. These results suggested that the hole mobility was not linearly dependent on the molecular weight, especially in the high 25 molecular weight range. A 'saturated' hole mobility can be reached at a certain molecular weight for a specific polymer. Recent studies revealed that low molecular weight conjugated polymers can form solid films with crystalline domains surrounded by a disordered phase, but these domains remain 30 largely disconnected from each other, resulting in chargetransport bottlenecks at the amorphous grain boundaries. 46, 47 In contrast, in high molecular weight conjugated polymers, even though the long-range order in the crystalline domains is compromised, the interconnectivity is greatly improved as a 35 result of the rigid and sufficiently long chains that link the domains, like bridges that link islands which can improve the mobility.
46, 47
Morphological studies
To understand the hole mobility change and to study the 40 morphology of the blend films of P1 fractions and PC 71 BM, tapping mode atomic force microscopy (AFM) studies were conducted (Figure 4) . The P1/PC 71 BM blend films with polymers of different molecular weight exhibited different topographies, and the root-mean-square roughness (R rms ) increased as the 45 molecular weight increased (R rms : P1-9.6k, 1.3 nm; P1-17.1k, 2.9 nm; P1-32.0k, 4.1 nm; P1-72.9k, 8.4 nm; P1-138.9k, 9.5 nm). Since the polymer length was in the nanometer scale, random orientation of the polymer backbone could lead to the increase in roughness. The difference in the phase images was even evident. 50 The blend film prepared with the lowest molecular weight polymer, P1-9.6k and PC 71 BM, showed a clear, phase-separated morphology with finer, fibrous nanoscale domains (Figure 4f ), while this feature was gradually lost as the molecular weight increased (Figure 4g-j) . This could be related to polymer chain 55 conformation and inter-chain interactions of P1. As the polymer molecular weight increased, its solubility decreased and it tended to form aggregates. 48 As a result, the domain size became larger. It should be noted that the domain sizes were still comparable to the exciton diffusion length, so the mobility as well as the solar 60 cell performance were not diminished. 10, 42 
